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We propose a hole-induced mechanism of spin-polarized current generation by circularly polar-
ized synchrotron radiation and corresponding induced magnetization in magnetically-doped topo-
logical insulators Bi1.37V0.03Sb0.6Te2Se. Considered spin-polarized current is generated due to the
spin-dependent depopulation of the Dirac cone topological surface states at the Fermi level and
subsequent compensation of the generated holes. We have found experimentally and theoretically
a relation between the generated spin-polarized current and the shift of the electrochemical po-
tential. The out-of-plane magnetization induced by circularly polarized synchrotron radiation and
its inversion with switching the direction of circular polarization were experimentally shown and
theoretically confirmed.
Topological insulators (TIs) with metallic-like
topologically-protected surface states localized in the
bulk energy gap are considered now among the best
candidates for constructing spintronic devices with
effective formation of spin currents and their controlled
manipulation, see, for instance [1–7]. The topological
surface states (TSSs) are characterized by helical spin
structure with spin locked perpendicular to momentum,
see Fig.1.a. Therefore, any surface current flowing
along the TSSs becomes spin polarized, and the direc-
tion of spin polarization changes to the opposite one
when the direction of the current flow is reversed [3].
Moreover, any imbalance in population of the TSSs
with opposite spin orientation should be followed by
formation of the corresponding spin-polarized current.
One effective possibility of creating such imbalance
is to use circularly polarized radiation. In the case
of laser radiation a circularly polarized light induces
selective spin-orientation-dependent electron interband
transitions onto the TSSs at the Fermi level [4, 8–10],
and the corresponding spin current generation [4].
In the current work we analyze generation of spin-
polarized current induced by circularly polarized syn-
chrotron radiation. Significantly higher photon energy
in considered case in comparison with the laser [4] en-
ables different mechanism of spin current generation. In
this case a selective photoexcitation of electrons from the
opposite branches of the Dirac cone states occurs in de-
pendence on the direction of circular polarization (right-
or left- one), see Fig.1.b. Due to high kinetic energy, the
photoexcited electrons are emitted mainly into vacuum,
and part of them are scattered with loss of the initial
spin orientation. Thereat, photoexcitation is followed by
generation of the long living holes at the Fermi level with
momentum and spin orientations determined by the di-
rection of circular polarization, see open circles in Fig.1.b.
Since the TSSs are metallic-like and Fermi level is local-
ized inside the energy gap the generated holes are mainly
compensated by electron from the TSSs at Fermi level
outside the surface region of the synchrotron beam lo-
calization. As a result, the formed compensating current
flowing through the TSSs is spin-polarized as well. Be-
cause circularly polarized light excites electrons with spin
oriented parallel to the light propagation the generated
spin-polarized current will be oriented perpendicular to
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Figure 1. (Color online). Schematic presentation of the Dirac
cone topological surface states with helical spin structure and
in-plane orientation locked perpendicular to momentum – (a)
and (b) - depopulation of the Dirac cone states with opposite
momentum and spin orientations at the Fermi level under
photoexcitation with the right and left circular polarizations
of synchrotron radiation. (c) - directions of the generated
spin-polarized currents and the spin orientation under pho-
toexcitation with opposite circular polarizations.
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2the synchrotron radiation incidence plane, see Fig.1.c.
Thereat, the spin orientation in the currents is defined
by the circular polarization direction (left or right). The
selective generation of the holes at the Fermi level (i.e.
depopulations of the TSSs) and formation of correspond-
ing spin-polarized currents should be followed by the re-
distribution of the electro-chemical potential inside and
outside the radiation beam spot localization, which cre-
ates the a rigid energy shift between the branches of
the Dirac cone states in photoemission spectra measured
at different polarizations of synchrotron radiation. The
bulk and space charging effects under the action of syn-
chrotron and laser radiation can be followed by the Fermi
level shift in photoemission spectra which can be experi-
mentally observed [11, 12]. However, the shifts measured
between the different polarizations are related to the mo-
mentum dependent depopulation of the TSS at the Fermi
level and corresponding spin accumulation.
A possibility of such hole-induced mechanism of spin-
polarized current generation by circularly polarized syn-
chrotron radiation applied to V-doped TI grown from
the melt with a stoichiometry Bi1.37V0.03Sb0.6Te2Se
(BSTS:V) is investigated in this work. Similar kind
TIs with fractional stoichiometry (without V-doping) are
characterized by effective spin transport properties due
to reduced influence of bulk carriers and significant con-
tribution of the TSS into the surface conductivity [13–
15], which assumes an enhanced efficiency of surface spin-
polarised current generation in such compounds. In our
work we experimentally confirm a possibility of genera-
tion of spin-polarized current by circularly polarized syn-
chrotron radiation through the energy shift between the
Dirac cone branches in photoemission spectra measured
at opposite circular polarizations and through the cor-
responding induced magnetization reversal of magnetic
dopants. For testing of the induced magnetization we
have measured the modification of the out-of-plane spin
structure of BSTS:V at the Dirac point under photoexci-
tation with different polarizations. These measurements
prove that circularly polarized synchrotron radiation can
actually induce a reversal magnetization in this com-
pound with switching the out-of-plane spin orientation in
the region of the Dirac point. The effects of magnetiza-
tion reversal induced by the spin-polarized current gener-
ated due to the electrical field applied along the surface
are well known for ferromagnetic (FM) layer deposited
on Bi2Te3 [3, 16] and for other systems with enhanced
spin-orbit coupling [17–25]. The magnetization induced
in TIs by synchrotron radiation was not studied yet.
For indication of the features of electronic structure
Figs.2.a,b show the dispersions of the Dirac cone TSSs for
BSTS:V in comparison with that for Bi1.5Sb0.5Te1.8Se1.2
(BSTS), which were measured in the ΓK direction of
the Brillouin zone (BZ) at hv = 25 eV using linear po-
larization of synchrotron radiation. For linear polariza-
tion an intensity of the TSSs at opposite k‖ should be
equivalent. The photoemission spectra measured at i3
beamline (MAXlab) with the synchrotron radiation inci-
dence angle of 73o relative to the surface normal using a
Scienta R4000 analyzer. For reducing a charging effect
the surface of the sample was directly grounded at the
edges. The investigated monocrystals were synthesized
using a modified vertical Bridgman method [26]. The
presented electronic structures for both compounds are
practically similar that assumes analogous efficiency of
the spin current formation. The Dirac points are located
at 0.32− 0.35 eV Binding Energy (BE). The Fermi level
is arranged inside the bulk energy gap without any vis-
ible contributions of the conduction band states at the
Fermi level. It allows assuming a high efficiency of devel-
opment of compensating spin-polarized current flowing
along the TSSs without shunting influence of the conduc-
tion band states. Fig.2.c shows a schematic presentation
of the energy shift between the TSS branches of TIs ap-
peared under photoexcitation at different polarizations
of synchrotron radiation assuming corresponding redis-
tribution of electro-chemical potential under generation
of the holes at the Fermi level.
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Figure 2. (Color online). (a,b) – the dispersions of the Dirac
cone TSSs for Bi1.5Sb0.5Te1.8Se1.2 and Bi1.37V0.03Sb0.6Te2Se,
respectively, measured in the ΓK direction of the BZ at
hv = 25 eV using linear polarization of synchrotron radiation.
(c,d) - schematic presentation of the energy shift between the
Dirac cone branches for pure and magnetically-doped TIs, re-
spectively, and opening the gap at the Dirac point appeared
under photoexcitation at opposite circular polarization. The
reversible out-of-plane spin polarization at the Dirac point
developed at opposite circular polarizations is shown by or-
ange and green colors. (e) - the energy shift between the TSS
branches estimated by fitting Lorenzian peak shapes to the
spectra of the upper Dirac cone measured at different polar-
ization of synchrotron radiation (opposite circular and linear
ones).
Fig.2.e plots the experimental energy shift between the
Dirac cone TSS branches measured for BSTS:V at differ-
ent polarization of synchrotron radiation (opposite circu-
lar and linear ones) at hv = 25 eV . The shifts between
the energy positions of TSSs (at the same k‖) measured
at positive (negative) circular and linear polarizations are
3related to the redistribution of electro-chemical poten-
tial and corresponding generation of the induced spin-
polarized currents compensating the holes created by cir-
cularly polarized synchrotron radiation. The energy po-
sitions of the TSSs presented in Fig.2.e were estimated by
fitting Lorenzian peak shapes to the spectra of the upper
Dirac cone in order to track their precise energy position
in photoemission spectra at different polarizations. We
can see evident energy shift between the measurement at
opposite circular and linear polarizations.
Let us estimate the spin-polarized currents generated
by circularly polarized synchrotron radiation. As we
noted before, photoexcitation by circularly polarized ra-
diation creates selective imbalance in depopulation of the
TSSs with opposite momenta. It results in correspond-
ing steady-state imbalance in concentration of holes at
the Fermi level characterized certain orientation of spin
directed along the photon wave vector. More quantita-
tively this imbalance is determined by a probability of
generation of the hole under photoexcitation with circu-
lar polarization in unity of time – P (t) and a recombina-
tion time of the created holes – τ .
One can estimate the generated surface spin-polarized
current in the simplest approximation as js ≈ eP (t)τVh,
where Vh is the velocity of the holes at the Fermi level
related to the Dirac point position. Using the simplest
form of Hamiltonian for TSSs Hˆ = ~VD[~k×~σ]~z0 the holes
velocity can be represented as ~Vh = VD[~s×~z0] 2~ , where ~s
is the spin of the hole and ~z0 is a unit vector perpendicu-
lar to the surface. Using it surface spin-polarized current
takes form:
js ≈ ±eP (t)τVD, (1)
where ± is determined by a chirality of light. The value
P (t) can be calculated as sum of all photoemission ma-
trix elements between the initial and final excited states
depending on photon energy and on the angle of the
synchrotron radiation incidence. At the same time the
value P (t)τ is the steady-state concentration of the holes.
Taking into account the fact, that Fermi level is slightly
shifted (∆EF  EF ) inside the beam, one can estimate
P (t)τ as:
P (t)τ =
∑
~k
nˆk =
1
(2pi)2
∫ EF
E′F
d~k =
EF
2pi~2V 2D
∆EF , (2)
where ∆EF = EF − E′F is the measured energy shift of
the Fermi edge due to the TSS depopulation under pho-
toexcitation by circularly polarized light (see the shift
between the TSS branches in Fig.2.e). If we use exper-
imental values of EF ∼ 0.3 eV , ∆EF ∼ 2 − 5 meV (in
average) and VD ∼ 6.9 × 106 cm/s, the simplest esti-
mations give approximate magnitude of the generated
spin-polarized current on the level of js ∼ 3− 10 A/cm.
For more direct experimental confirmation of the spin-
polarized current generation we have analysed the mag-
netization in BSTS:V induced by circularly polarized
synchrotron radiation. According to Refs.[17, 18] spin-
polarized current produced by a voltage applied along
the interface Pt/Co/AlOx induces the reversible out-of-
plane magnetization in the magnetic Co dot. In our case
the spin current is generated by circularly polarized syn-
chrotron radiation. The effects of the modification of
electronic and spin structure of magnetically doped TIs
were investigated in Refs.[6, 7, 22, 27]. It was established
that the induced magnetization is followed by opening
the energy gap at the Dirac point due to the time reversal
breaking. It results in an opposite out-of-plane spin po-
larization at the opposite borders of the energy gap [6, 27]
assuming a switching the out-of-plane spin structure un-
der reverse of the developed magnetization [23, 24]. Tak-
ing it into account we assumed that generation of spin-
polarized current by circularly polarized synchrotron ra-
diation in magnetically doped TI Bi1.37V0.03Sb0.6Te2Se
can lead to the induced out-of-pane magnetization of the
diluted V-atoms. It should manifest itself in formation
of the out-of-plane spin polarization of the TSSs at the
Dirac point with the spin splitting at the borders of the
energy gap.
Fig.2.d shows a schematic presentation of the modifi-
cation of electronic structure of the TSSs expected for
magnetically doped TI under photoexcitation by circu-
larly polarized radiation including the energy shift be-
tween the TSSs branches discussed above and opening
the gap at the Dirac point due to the induced out-of-plane
magnetization. The thin black lines present the simplest
structure without induced magnetization. Switching be-
tween opposite circular polarizations (orange and green
color) leads to reversing out-of-plane spin polarization at
the Γ point. It is shown by corresponding arrows at the
opposite borders of the gap at the Dirac point. For non-
magnetic TIs the spin structure should be degenerated
at the Dirac point, see Fig.2.c.
Figs.3.a,b plot the spin-resolved photoemission spec-
tra for BSTS:V at the Dirac point (k‖ = 0) measured
for the out-of-plane spin orientation under photoexcita-
tion at opposite circular polarizations. The spectra were
measured at hv = 30 eV that allowed to increase the in-
tensity of the features in the region of the Dirac point.
The presented spectra show a pronounced out-of-plane
spin polarization including spin splitting of the states at
borders of assuming gap at the Dirac point. Correspond-
ing experimental asymmetry between the measurements
at opposite circular polarizations are presented below the
spin-resolved spectra. Under switching between right and
left circular polarization of synchrotron radiation the spin
splitting is reversed. It is interesting that under pho-
toexcitation with linear p-polarization the spin-resolved
spectra do not show noticeable out-of-plane spin splitting
and polarization of the states in the region of the Dirac
point, see Fig.3.c. The spectra were measured at room
temperature. In relation to it, we have to note that pho-
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Figure 3. (Color online). (a, b,c) - spin-resolved photoe-
mission spectra measured at room temperature for V-doped
TI (Bi1.37V0.03Sb0.6Te2Se) at the Dirac point (at k‖ = 0) at
hv = 30 eV in the direction of the out-of-plane spin polariza-
tion with using opposite circular and linear p-polarizations,
respectively, showing the reversal out-of-plane magnetization
induced by circularly polarized synchrotron radiation and its
absence at linear polarization. Corresponding experimen-
tal asymmetries are shown below the spin-resolved spectra,
too, for comparison. (d,e) – photoemission spin-integrated
EDC profiles measured at k‖ = 0 in the region of the Dirac
point for opposite circular polarizations with the decompo-
sition on two spectral components. (e) – similar photoemis-
sion spin-integrated EDC profiles measured at k‖ = 0 in the
region of the Dirac point for TI without magnetic dopants
(Bi1.5Sb0.5Te1.8Se1.2).
toexcitation by circularly polarized radiation and forma-
tion of spin-dependent imbalance in depopulation of the
TSSs at the Fermi level should take place independently
on temperature, of course, with different relaxation time.
Therefore, the induced magnetization should lead to in-
time formation of the out-of-plane spin polarization at
the Dirac point including at room temperature.
To confirm independently the modification of the
structure induced by circularly polarized synchrotron ra-
diation we have measured the spin-integrated energy dis-
tribution curves (EDCs) at k‖ = 0 at opposite circular
polarizations for the states in the region of the Dirac
point. These EDCs are presented in Figs.3.d,e by green
and orange colors. The fitting procedure shows a de-
composition of the spectra on two components with the
energy separation approximately similar to the spin split-
ting presented in Figs.3.a,b. The intensities of the com-
ponents are reversed for opposite circular polarizations.
It means that the modification of the spin structure at the
Dirac point under photoexcitation with opposite circular
polarization of synchrotron radiation manifest itself also
in the spin-integrated spectra. For comparison Fig.3.f
plots analogous EDCs measured for Bi1.5Sb0.5Te1.8Se1.2.
The EDC profiles measured for this TI without magnetic
dopants cannot already be decomposed on two compo-
nents.
The observed experimentally reversal out-of-plane spin
polarization at the Dirac point is directly related to the
reversal out-of-plane magnetization of V-atoms induced
by circularly polarized synchrotron radiation. We con-
nect the induced magnetization to the spin-dependent
depopulation of the TSSs developed at opposite circu-
lar polarizations and corresponding uncompensated spin
accumulation related to the spin-polarized current for-
mation. The theoretical estimations for the effects de-
scribed above can be follows. The spin-polarized current
generated by circularly polarized synchrotron radiation
(see Eq.1) induces a spin accumulation in the direction
perpendicular to the surface. This accumulation can be
estimated as δ~S = ~2P (t)τη~n, where η = ±1 is deter-
mined by a chirality of light and ~n is a unit vector along
the wave vector of the radiation. Using value of the holes
concentration from Eq.2 the accumulation takes form:
δSz =
EF ηnz
4pi~V 2D
∆EF , (3)
where nz is the projection of ~n on axis perpendicular
to the surface. The induced spin accumulation breaks a
time reversal symmetry induces energy gap ∆, hence in-
duces effective out-of-plane magnetic field heff = ∆/2µB
which creates the out-of-plane magnetization of V atoms
δSz =
~
2µB
χPheff , where χP =
4µ2B
EF
n is Pauli mag-
netic 2D-susceptibility of TSSs and n is the concentration
of electrons at TSSs with corresponding position of the
Fermi level. Using Eq.3 one can find the effective field in
this case:
heff =
µB
χP
EF∆EF
2pi~2V 2D
nzη. (4)
This effective magnetic field creates out-of-plane mag-
netization of V-ions subsystem. The effective exchange
field in this case take form of heff with additional factor
ς ∼ 1, which is the ratio between the exchange constants
in cases of free electron – free electron and free electron –
localized electron. Then the induced magnetization can
be estimated:
δmVz =
χV
χP
µBEF∆EF
2pi~2V 2D
nzης, (5)
where χV ≈ g
2
V µ
2
B
3kT nV is magnetic susceptibility of V ions,
nV – the concentration of V-atoms. This reversible with
radiation polarization out-of-pane magnetization leads to
corresponding changes of the out-of-plane spin structure
in the region of the Dirac point. This reverse switching
of the spin structure is presented in Fig.3.a,b for opposite
circular polarizations of synchrotron radiation.
5We have presented mechanism of spin current genera-
tion in TIs along the surface by circularly polarized syn-
chrotron radiation due to the spin-dependent depopula-
tion of the Dirac cone TSSs at the Fermi level and follow-
ing compensation of the generated holes. It was shown
that photoexcitation by circularly polarized synchrotron
radiation and generation of corresponding holes are fol-
lowed by the energy shift between the Dirac cone state
braches for opposite direction of circular polarization re-
lated to the redistribution of the electrochemical poten-
tial between the areas inside and outside the synchrotron
radiation beam localization due to the hole generation.
We have shown a possibility of reversal out-of-
plane magnetization induced in magnetically doped TI
(BSTS:V) by circularly polarized synchrotron radiation
even at room temperature. The out-of-plane spin struc-
ture induced at the Dirac point can be switched with
changing the direction of circular polarization. Theoret-
ical estimations have confirmed a possibility of the in-
duced out-of-plane magnetization by circularly polarized
synchrotron radiation and its inversion with switching
the direction of circular polarization. It was found the re-
lation of the induced out-of-plane magnetization with the
spin accumulation developed due to the spin-dependent
depopulation of the Dirac cone states at the Fermi level
with opposite momentum and spin orientation generated
by circularly polarized synchrotron radiation. The mag-
nitude of the induced magnetization was estimated.
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